Antibody-based therapy of human cancers has led to several remarkable outcomes, particularly in the therapy of breast cancer and lymphoma. Many solid tumors have proven less responsive, due in part to diculties in the tumor-selective delivery of antibodies and potential cytolytic eectors. However, antibodies that directly perturb signaling mechanisms in cells derived from epithelial malignancies have shown bene®t; examples include antibodies directed against the extracellular domains of HER2/neu and epidermal growth factor receptor. A long-term goal of immunotherapy has been to induce anti-tumor in¯ammatory responses that can directly cause tumor regression or induce adaptive responses against tumor-related antigens. This review focuses on the use of antibodies to provide a means for initiating anti-tumor immune responses, and on the use of antibodies as delivery vehicles of radionuclides. Oncogene (2000) 19, 6144 ± 6151.
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Antibody therapy of human cancer
Antibody-based therapeutics are beginning to realize the promise envisioned by Ehrlich and enabled by the discovery of hybridoma technology more than two decades ago. Unconjugated antibodies directed against the lymphocyte antigen CD20 have signi®cant clinical activity in patients with low-grade lymphomas (Maloney et al., 1994) . The FDA has approved one of these antibodies, Rituxan, for clinical use. Radioimmunoconjugates directed against CD20 demonstrate signi®cant clinical activity in patients with chemotherapy-pretreated lymphomas as well (Kaminski et al., 1993; Press et al., 1993) . A chemoimmunoconjugate containing an anti-CD33 antibody and calicheamicin has impressive activity in acute myelogenous leukemia (Sievers et al., 1999) . Finally, the anti-HER2/neu antibody, Herceptin, has single-agent activity in metastatic breast cancer, and potentiates the anti-tumor eects of taxol chemotherapy (Baselga et al., 1996; Slamon et al., 1998) . This antibody also recently received FDA approval for clinical use. These results provide ample evidence that a number of strategies employing unconjugated antibodies or antibody conjugates carrying toxic payloads such as radiation or chemotherapy agents have clinical bene®ts. It has become clear that targeting signaling elements using unconjugated antibodies can have potent antitumor eects, as exempli®ed by the experiences with Rituxan, Herceptin and the C225 anti-epidermal growth factor receptor antibody. However, further improvements in therapy can be achieved through the conjugation of radionuclides to antibodies, by the appropriate manipulation of antibody structures to improve their targeting properties or biological activity pro®les and by the stimulation of host-protective immune responses. This review will focus on some newer approaches that will provide platforms for future initiatives in this ®eld.
Radioimmunotherapy
Antibodies have been long thought to have therapeutic potential as`magic bullets' to treat cancer (Silverstein, 1994; Pressman and Korngold, 1953) . The modern era was ushered in employing polyclonal antisera conjugated to radionuclides (Order et al., 1986; Goldenberg et al., 1978) , and has more recently been based on monoclonal antibodies derived by hybridoma or recombinant DNA technology as delivery vehicles for radionuclides. Recently, it has become evident that radioimmunotherapy (RIT) has signi®cant eectiveness in advanced lymphomas (Kaminski et al., 1993; Press et al., 1993; Witzig et al., 1999) and leukemias (Scheinberg et al., 1991) . The challenge now is to identify ways to integrate these active approaches into standard care. Ecacy may depend upon the choice of radionuclides. Currently, most approaches use radioiodine, but there is signi®cant interest in employing a and b emitters such as 213 Bismuth and 90 Yttrium. High energy b particles (e.g., from 90 Yttrium) have long track lengths that can mediate a`cross®re' phenomenon to deliver lethal radiation doses over multiple cell diameters in a solid tumor, addressing issues such as antigen heterogeneity (Anderson and Strand, 1987) and poor tumor penetration of large antibody molecules. In contrast, a particles (e.g., from 213 Bismuth or 211 Astataine) deliver a 500-fold greater amount of energy over a very short distance (e.g., one cell diameter). Accordingly, a emitters are potentially extremely useful for the treatment of vascular targets or diuse malignancies.
In¯uence of structure on antibody targeting
IgG molecules are large proteins of approximately 150 kDa mass; most chemotherapy agents have a molecular weight of less than 1 kDa. Accordingly, intact IgG antibodies would be expected to have signi®cantly slower kinetics of distribution and severely limited tissue penetration properties as compared to small molecules. Indeed, non-uniform uptake of systemically administered antibody is generally observed in biopsied specimens of solid tumors. While inhomogenous tumor antigen expression can be a factor, physiological barriers to antibody penetration Oncogene (2000) 19, 6144 ± 6151 ã 2000 Macmillan Publishers Ltd All rights reserved 0950 ± 9232/00 $15.00 www.nature.com/onc *Correspondence: LM Weiner bear the greatest responsibility for their limited distribution within a tumor mass. Heterogeneous tumor blood supply limits uniform antibody delivery to tumors and elevated interstitial pressures in the centers of tumors oppose inward diusion (Jain, 1987) . Furthermore, the relatively large transport distances in the tumor interstitium conspire with the above factors to increase the time required for these large macromolecules to reach target cells. For example, the diusion an intact IgG molecule into a solid tumor is limited to 100 mm in 1 h, 1 mm in about 2 days and 1 cm in about 7 ± 8 months (Jain, 1987) . These physiologic barriers pose substantial obstacles to antibody penetration in the majority of solid tumors and bulky lymphomas. Thus, it can be anticipated that the therapy of patients with large tumors using Mab will be compromised. These concepts also hold true for potentially cytotoxic leukocytes to accumulate at tumor sites; as a result, physiological barriers can represent a major limitation to the eective clinical exploitation of ADCC.
Contemporary molecular engineering has led to the production of a wide variety of antibody-based targeting structures (Figure 1 ). These include chimeric human-murine antibodies (LoBuglio et al., 1989) , antibodies derived from human hybridomas (Kudo et al., 1991) , scFv from murine hybridomas (Huston et al., 1988; Begent et al., 1996; Mack et al., 1995) , phagedisplayed scFv (Clackson et al., 1991; Schier et al., 1995) and minibodies , among others. The anity of these structures for target antigens can be readily altered (Schier et al., 1996; Adams et al., 1998a) . Multivalent targeting structures include minibodies , single-chain dimers (Adams et al., 1993) and diabodies (Holliger et al., 1993; Adams et al., 1998b) . Multispeci®c binding proteins include bispeci®c antibodies and antibody-based fusion proteins (reviewed below). As this technology has matured and clinical experience has been gained, it is apparent that insucient selective targeting is a major impediment to the successful use of RIT in the therapy of patients with solid tumors, where impaired vascular access, limited diusion, and high interstitial tumor pressures conspire to limit the retention of systemically administered protein molecules (Jain, 1987) . Moreover, preclinical murine models do not scale up easily to human clinical applications. For example, as much as 30% ID/g selective retention of intravenously administered IgG is routinely observed in human tumor xenografts in mice. However, when the same molecules are tested in human clinical trials, less than 0.1% ID/g tumor retention is commonly observed (Colcher et al., 1988; Gallinger et al., 1993) . The eective treatment of human solid tumors using RIT may require at least twofold higher tumor-selective retention of systemically administered radionuclides than is currently seen in murine preclinical models. Such models have been used as predictors for clinical dosimetry by examining cumulative tumor: normal organ radionuclide retention and measuring the ratios of area-under-the-curve (AUC) of tumors and normal organs over the time course of radionuclide distribution. For example, cumulative tumor: bone marrow ratios of at least 16 : 1 (estimated by tumor : blood ratios of at least 4 : 1) in murine models may identify a particular antibody conjugate with promise. If marrow irradiation proves to be dose limiting, as is common, this ratio would provide tumor irradiation of about 4800 cGy with 300 cGy marrow irradiation. Currently available molecules can approach, but probably cannot exceed the threshold needed for the development of successful therapeutic radioimmunoconjugates for solid tumors.
We and others have manipulated antibody structures to improve the selective tumor retention of intravenously administered antibodies. We initially tested the hypothesis that the small size of single-chain Fv (scFv) molecules would lead to an ideal combination of acceptable quantitative tumor retention and highly selective tumor targeting. Selective tumor targeting in the terminal phases of antibody biodistribution was quite good, with tumor : blood ratios of 20 : 1 or higher. However, quantitative tumor retention in murine models was very low, with no more than 1% ID/g retained 24 h following intravenous administration of 125 Iodine labeled protein. The overall tumor : normal organ AUC values for scFv and IgG molecules are surprisingly similar, with cumulative retention values of 1.1 : 1 for IgG and 2.0 : 1 ± 2.5 : 1 for scFv monomers (Weiner et al., 1995b) . Thus, scFv molecules are excellent vehicles for radioimmunodiagnosis, but not for RIT. Manipulations of scFv dose, administration route and labeling procedures did not substantially alter these ®ndings . ScFv dimers with smaller size than IgG and divalent binding to antigen had minimally improved overall tumor targeting compared with scFv monomers or IgG (Adams et al., 1993) . Therefore, the modest alteration of antibody size (e.g., 25 kDa to 50 kDa) did not suciently improve overall tumor targeting to facilitate RIT.
We hypothesized that increasing the anity of antibodies for tumor antigens by prolonging K o rates would enhance tumor cell surface retention of these proteins, and correspondingly improve selective in vivo tumor retention. For example, prolonging K o rates to 10 75 /s will translate to cell surface retentions of approximately 18 h. Given baseline endocytosis and protein catabolism rates at tumor sites, this duration probably approximates the maximum retention permitted by physiological constraints. Using a human phage display library, scFv reactive with HER2/neu Figure 1 Antibody-based targeting proteins were isolated and shown to speci®cally target relevant tumors in vitro and in vivo with similar properties as previously described hybridoma-derived anti-HER2/ neu directed scFv molecules (Schier et al., 1996; Adams et al., 1998a (Schier et al., 1996) . The preparation of this unique panel of anity mutants allowed the testing of the hypothesis that increased anity improves in vitro and in vivo tumor retention in murine models. So far, we have shown that there is clearly a`threshold' anity requirement for HER2/neu of about 10 78 M for in vivo tumor targeting. Increasing the anity to 10 79 M (K o *10 74 /s) further improves quantitative tumor retention, but by less than twofold compared with the parental scFv (Adams et al., 1998a) . This panel of anity variants will allow de®nitive testing of the predictions of Weinstein, who has postulated the existence of a`binding site barrier' that inhibits the diusion of high anity antibodies through tumors (Juweid et al., 1992) .
As noted above, the construction of scFv dimers improves scFv tumor targeting (Adams et al., 1993) . This improvement is due to higher valence as opposed to larger size and slower clearance of the dimeric species. The improvements in quantitative tumor retention by dimeric scFv connected by an intermediate length linker (e.g., [G 4 S] 3 ) are modest, and are insucient to predict for successful RIT. However, the speci®c dimeric structure signi®cantly in¯uences tumor targeting, as seen with C6.5 diabodies. Diabodies are non-covalently linked recom-
in which the spacer between the two scFv genes contains a very short (usually less than eight amino acids) linker. This forces two scFv to associate (e.g., V Hx 7V Ly ) so that the two binding sites of the dimer are actually formed by these heterologous associations. The resulting molecule is more compact than a conventional dimeric structure, and the binding sites are most likely arrayed in a Janusian fashion (Holliger et al., 1993; Adams et al., 1998b) . The C6.5 diabody was shown to have higher functional anity (K d =4610 710 M) than either the C6.5 scFv monomer or gene-fused dimer. This high anity translated to prolonged cell surface retention in in vitro assays (T 1/2 =5 h) and strikingly improved in vivo tumor retention, with overall targeting speci®city equivalent to, and quantitative tumor retentions sixfold higher than that seen with C6.5 scFv monomer (Adams et al., 1998b; Wu et al., 1996) . The tumor : bone marrow AUC ratio for this diabody is approximately 12 : 1, and the radiolabeled C6.5 diabody is being tested for anti-tumor ecacy in preclinical RIT studies.
Taken together, these studies indicate that the alteration of antibody structures can have profound eects on quantitative and selective tumor targeting. However, the overall selectivity of antibody targeting is unlikely to exceed that seen during the terminal distribution phase of antibody clearance. Thus, it is appropriate to consider how this speci®city can be optimally exploited for therapeutic applications. Antibody pre-targeted therapeutics oer one approach.
Pre-targeted antibody therapy
Although antibodies can target tumor cells in vivo, the peak selective targeting advantage rarely exceeds 5 : 1 (measured as tumor : normal organ ratios) and is rarely more than 1 : 1 over the time course of antibody distribution. This is insucient speci®city for the selective delivery of most highly toxic agents. Pretargeting of tumors by anti-tumor antibodies permits the systemic clearance of unbound antibodies and so increases the selectivity of tumor targeting by these antibodies. The great advantage of pre-targeting is that the antigen speci®city of antibody targeting is optimally exploited, and retention of the antibody conjugate by normal organs is minimized when a subsequent`activation' step is employed to release a tumor-toxic principle at tumor sites (Figure 2) . The initial example of this strategy was antibody-directed enzyme prodrug therapy (ADEPT), in which an antitumor antibody-enzyme conjugate is administered systemically, and then allowed to clear from normal tissues. An inactive chemotherapy prodrug is then administered that rapidly clears from the host, but is selectively retained at tumor sites by the antibodytargeted enzyme to liberate the active chemotherapy agent at tumor sites (Bagshawe et al., 1993) . Various iterations of this strategy have been tested in preclinical models and in human clinical trials (Bagshawe et al., 1991; Martin et al., 1997; Siemers et al., 1997) . More recently, antibody pre-targeted radioimmunotherapy (PRIT) has been tested, primarily employing the antiEp-CAM antibody NR-LU-10, conjugated to streptavidin. Following a systemic clearance step employing biotinylated proteins, the tumors and other Ep-CAM expressing normal cells are decorated with streptavidin. Then, biotin-labeled radiometals are administered. These small molecules are rapidly cleared, but are selectively retained at tumor sites containing streptavidin. This strategy exploits the exceptionally high anity binding of biotin to streptavidin (K d 510 714 M) and the multivalent binding of biotin and streptavidin (Axworthy et al., 1996) .
In preclinical models, this PRIT strategy yields exceptional, highly selective tumor targeting and impressive anti-tumor ecacy (Martin et al., 1997) . These ®ndings have formed the basis for clinical trials Figure 2 Antibody-pretargeted therapy that have been associated with substantial toxicity and disappointing ecacy, due to several factors (Knox et al., 2000) . The NR-LU-10 antibody targets normal tissues, particularly the gastrointestinal mucosa. Diarrhea was the dose-limiting toxicity in Phase I trials. The large size of the NR-LU-10 antibody-streptavidin conjugate restricts its diusion into tumor and increases its distribution in normal organs. This reduces therapeutic targeting and increases the nonspeci®c delivery of radiation. The clearing steps are cumbersome and incomplete, so that streptavidiǹ leaches' back into circulation after clearance of the circulating streptavidin. This reduces the tumor : blood ratios at the time of radionuclide administration, and lowers targeting speci®city. The NR-LU-10 antibodystreptavidin conjugate is highly immunogenic. This precludes the administration of prolonged or repeated courses of therapy. Endogenous biotin in the host is bound by the streptavidin, blocking the tumor accumulation of subsequently administered 90 Y-DOTA. The clearance step may occupy tumor-associated streptavidin, interfering with subsequent radionuclide accumulation at tumor sites. The NR-LU-10 antibody probably exhibits insucient selective targeting of tumors to permit therapeutic dosing even if the above factors could be corrected. It is important to stress that these de®ciencies do not invalidate the fundamental promise of the PRIT strategy, but suggest avenues for improvement.
For PRIT to achieve its potential the chosen tumor antigen target must have highly restricted expression in normal tissues. The tumor-targeting vehicle must be multivalent and highly tumor-avid, yet small enough to penetrate into tumors from the vasculature and rapidly clear from normal organs. A formal clearance step should be unnecessary. The tumor-targeting vehicle must be non-immunogenic, or nearly so. Ideally, it should be composed of human proteins. The high anity interactions between the tumor-targeting vehicle (e.g., a human antibody) and the radionuclide should be mediated by non-immunogenic proteins, again ideally of human origin. The high anity interactions should not involve potential cross-reactivity with host elements such as endogenous biotin.
The desired characteristics can be achieved by employing antibody engineering and phage display technology. The target chelates can be conjugated to radiometals such as the b-emitter 90 Yttrium and the aemitter, 213 Bismuth. The capacity to employ multiple radionuclides indicates that this core strategy oers the potential to function as a delivery system for diverse radionuclides and other chelated substances (Goodwin et al., 1988; Paganelli et al., 1988) . The general pretargeting concept can be applied to direct the delivery of chemotherapy agents (Juweid et al., 1992; Wu et al., 1996; Bagshawe, 1993) , toxins, cytokines or other tumor-modulatory agents.
Antibody-dependent cellular cytotoxicity
We now shift gears to discuss the prospects for using antibodies to manipulate the host immune response to tumors. At this time, the mechanisms underlying the clinical bene®ts of unconjugated antibodies such as Rituxan and Herceptin are not understood, but both antibodies mediate antibody-dependent cellular cytotoxicity (ADCC) in vitro and may do so as well in the clinical setting (Maloney et al., 1994; Baselga et al., 1996; Slamon et al., 1998) . Recent studies in Fc receptor-de®cient mice indicates that antitumor eects depend upon the presence of intact Fc receptor function (Clynes et al., 2000) . Many other antibodies have been clinically tested to exploit their ADCC properties, but without consistent clinical bene®t in the setting of advanced disease (Weiner et al., 1986; Vadhan-Raj et al., 1988) . ADCC continues to be a potent in vitro phenomenon that should provide a powerful anti-tumor mechanism, if it can be replicated or mimicked in the clinical setting (Steplewski et al., 1983) . Advances in the understanding of human Fc receptor and T cell receptor structures and functions have made it possible to re®ne antibody-directed cellular activation strategies, particularly given the improved¯exibility aorded by antibody engineering techniques. Human Fcg and Fca receptors can trigger cellular cytotoxicity (Garcia de Palazzo et al., 1990; Valerius et al., 1997; Shen et al., 1986) , as can elements of the T cell receptor/CD3 complex (Segal and Wunderlich, 1988; Lanzavecchia and Scheidegger, 1987; Link and Weiner, 1993 ) CD28 on T cells (Renner et al., 1995) and CD44 on natural killer (NK) cells (Sconocchia et al., 1994) . It is now possible to create a wide variety of recombinantly-produced antibody binding site-based targeting proteins, including IgG, (Fab') 2 Fab, and single-chain Fv (scFv) formats, with an equally formidable choice of approaches to create multimeric, monospeci®c or bispeci®c binding proteins as discussed earlier in this review. The anity properties of the binding sites can be manipulated through chain-shuing or site-directed mutagenesis (Schier et al., 1996) . The human antimouse antibody response can be circumvented by the production of chimeric antibodies (LoBuglio et al., 1989; Kudo et al., 1991) , or by the use of human antibodies prepared by fusion techniques or from human phage display libraries (Schier et al., 1995) .
Bispeci®c antibody therapy

Bispecific antibodies
In the nearly 15 years following the pioneering work of David Segal and colleagues numerous bispeci®c antibodies targeting tumor antigens and eector cell trigger molecules have been developed and shown to redirect cellular cytotoxicity. For example, BsAb can target tumor antigens and human eector cell trigger molecules on T cells via CD3/TcR (Valerius et al., 1997; Shen et al., 1986) and CD28 (Segal and Wunderlich, 1988) . BsAb directed against FcgR1 (Steplewski et al., 1983) trigger tumor cytotoxicity by neutrophils, monocytes and macrophages. BsAb targeting FcgRIII (Weiner et al., 1986; Vadhan-Raj et al., 1988) promote tumor lysis by macrophages and NK cells and BsAb targeting CD44 (Lanzavecchia and Scheidegger, 1987) promote tumor cytotoxicity by NK cells. Typically, BsAb promote in vitro cytotoxicity at low concentrations and have been shown to cause either growth delays or tumor regressions in appropriate animal models (Weiner et al., 1993a ).
These properties have led to the testing of several BsAb in human clinical trials.
Clinical toxicities of bispecific antibodies
Several early reports of CD3-directed BsAb suggested possible applications in glioblastoma (Nitta et al., 1990) and ovarian cancer (Canevari et al., 1995) . However, subsequent trials of a number of intact CD3-directed BsAb have yielded few objective responses, and treatment has been limited by toxicities reminiscent of the ®rst dose eect seen with OKT3 antibody therapy. The ®rst dose eect is characterized by the release of massive amounts of cytokines such as tumor necrosis factor-a (TNFa). Treatment with an (Fab') 2 anti-CD3 BsAb, which is bereft of Fc domains and Fc domain-dependent cellular cross-linking properties, also has led to toxicities at low BsAb doses. This ®nding indicates that the engagement of some activating molecules on circulating T cells can produce unacceptable dose-limiting toxicity (Tibben et al., 1993) . We have conducted a series of clinical trials employing the BsAb 2B1, a murine IgG that is dually speci®c for extracellular domain epitopes on the human tumor antigen HER2/neu and the human Fc receptor, FcgRIII (Weiner et al., 1995a) . While therapy with 2B1 yielded some clinical responses, BsAb-induced crosslinking of Fc receptors on circulating leukocytes led to massive cytokine release and associated toxicities. While Rituximab can be safely administered at doses of 375 mg/m 2 per dose, the maximally-tolerated dose of 2B1 is only 1 mg/m 2 per dose. 2B1-promoted antigen presentation led to the induction of anti-HER2/neu antibodies, but only in patients treated with 2B1 doses exceeding the ultimate MTD (Clark et al., 1997) . Taken together, these results indicate that whole IgG BsAb targeting eector cell trigger molecules are unsuitable therapeutic structures, in accord with predictions in selected preclinical murine models (Link et al., 1998) . The engagement of T cell receptor V b chains and MHC Class II by the bacterial superantigen, staphylococcal enterotoxin A (SEA), also leads to profound leukocyte activation and the attendant dose-limiting toxicity of a multi-speci®c fusion protein consisting of an anti-tumor Fab fragment and SEA (Giantonio et al., 1997; Alpaugh et al., 1998) . These ®ndings suggest that the cellular activation properties of intact BsAb and antibody-superantigen fusion proteins will cause unacceptable toxicities unless these properties can be selectively localized to tumor sites.
Importance of tumor inflammation for effective bispecific antibody therapy
The clinical experience with the MDX-210 BsAb provides a useful additional perspective to the results described above (Valone et al., 1995; Curnow, 1997 Relatively few tumor biopsies have been performed in patients treated with 2B1 or MDX-210. Some tumor in®ltration by leukocytes has been seen following MDX-210 therapy (Link et al., 1998) , and we have observed the induction of tumor in®ltration by leukocytes in several patients treated with 2B1. However, there is no consistent, profound leukocyte in®ltration of tumor following BsAb therapy, and preclinical data suggest that BsAb promoted cytotoxicity will require eector to target ratios of at least 1 : 1 for successful therapy (Weiner et al., 1993b) . It is probable that eective BsAb treatment strategies must include ways to induce tumor in¯ammation so that BsAb-mediated potentiation of cytotoxicity can be properly exploited. This may be accomplished by introducing chemotactic or cell proliferation signals into antibody or BsAb constructs.
Strategies for the induction of selective tumor inflammation
A number of strategies can be considered to promote selective tumor in¯ammation. Experiences with systemic cytokines have shown that the selectivity of eects at tumor sites is usually low, as evidenced by work with high dose interleukin-2 (IL-2) (Fyfe et al., 1995) . With IL-2 and other cytokines such as TNF-a, toxicities caused by systemic leukocyte activation have limited the doses that can be safely administered. Several groups have attempted to address this by producing immunocytokines, which are composed of engineered antibodies fused to cytokines. Antibody/IL-2 fusion proteins have exhibited promising preclinical results (Gillies et al., 1992; Sabzevari et al., 1994 ). However, a major potential limitation to this strategy is that these large (e.g., 4150 kDa) proteins have relatively prolonged half-lives. As a result, functionally intact IL-2 will circulate predominantly in the vasculature, leading to systemic leukocyte activation that at least partially osets any targeting advantages conferred by the antibody binding property. As discussed earlier, such systemic leukocyte activation has interfered with the ability to give reasonable doses of fusion proteins containing antibody Fab domains and the bacterial superantigen, staphylococcal enterotoxin A (SEA).
Less progress has been reported regarding the creation of antibody-targeted vasoactive or chemotactic conjugates or fusion proteins. Conjugates containing antibody binding sites and F-M-L-P (Obrist et al., 1988) and RANTES (Chalitta-Eid et al., 1998) have been reported, but have not undergone extensive preclinical testing or clinical trials. One potential advantage of these approaches over the use of antibody-cytokine fusion proteins is that the former agents are not speci®cally activating, but function to establish gradients that favor the accumulation of the targeted leukocyte population at tumor sites. In the circulating blood, such gradients will not exist, so that toxicity or preferential systemic leukocyte activation would not be expected. Thus, there is reason for optimism that antibody-delivered chemotactic agents can establish gradients that will promote leukocyte in®ltration at tumor sites. If such proteins can be selectively retained in tumors, BsAb should be able to more eciently promote leukocyte-mediated cytotoxicity. High, relatively sustained intratumoral concentrations of GM ± CSF can promote the accumulation of mononuclear phagocytes at tumor sites. This can break immune tolerance and induce immune-mediated tumor regressions (Thomas et al., 1998) . Current gene therapy approaches are not able to eciently target vectors to tumor sites. Accordingly, antibody-directed targeting of other proteins remains an important and validated strategy by which cytokines can be selectively delivered to tumors. Since the considerable clinical experience with GM-CSF indicates that this particular cytokine has a favorable toxicity pro®le when administered systemically, it is reasonable to hypothesize that ecient tumor targeting of GM-CSF by an antibody that also induces tumor cytotoxicity via FcgRIII will promote ecient tumor regression.
Characteristics of an optimized bispecific antibody
Over the past few years the working de®nition of BsAb can be considered to include all antibody-based conjugates or fusion proteins that exploit antibody combining sites to target tumors and alter the tumor microenvironment to promote leukocyte in®ltration and mediate antibody-directed leukocyte-mediated cytotoxicity. For such BsAb to be eective, the molecule must selectively target a relevant tumor antigen with high functional binding anity. This may be achieved by increasing the intrinsic anity or by increasing the avidity of binding. This property will enhance selective tumor retention of the BsAb. The molecule should have a low functional anity for a leukocyte activation or cytotoxicity trigger molecule when the BsAb is in the systemic circulation, but must be able to eciently trigger leukocyte cytotoxicity when bound to tumor cells expressing the target antigen. This will limit toxicity caused by the unwanted systemic activation of leukocytes. The BsAb should eciently promote high levels of retargeted leukocyte cytotoxicity. The BsAb should be of human origin to minimize the induction of human anti-mouse immune responses that limit repeat dosing. The BsAb should not contain Fcg domains that induce toxicity caused by systemic leukocyte activation resulting from crosslinking of multiple leukocyte Fcg receptors. Finally, the BsAb treatment strategy should promote selective in situ tumor in¯ammation by relevant leukocyte populations.
HER2/neu is an appropriate target for testing the above hypotheses. As discussed earlier, antibodies directed against other HER2/neu epitopes inhibit tumor cell proliferation and are synergistic with chemotherapy agents. One such antibody, Herceptin, exhibits clinical utility and was recently approved for use in women with metastatic breast cancer. Other cytotoxicity triggers have been tested as BsAb components; profound T cell activation by anti-CD3 containing BsAb has induced unacceptable toxicity .
Future directions
The rapid pace of advances in cell biology, immunology and protein engineering assures the essential futility of any prognostication attempts regarding antibody-based therapy of human cancer. However, it is safe to presume that the major approaches will exploit the capacity of antibodies to selectively accumulate on cells bearing either structurally or functionally signi®cant targets. Pretargeting oers an important new strategy to take optimal advantage of antibody properties. Finally, the ability of antibodies to promote ADCC and in¯ammation oers an as yet unexploited mechanism for improving cancer therapy.
